Abstract: Functional 3D materials can be developed from graphene-based hybrids by introducing other nanomaterials, with multi-walled carbon nanotubes (CNTs) being the most studied additive. For large-scale applications, few-layer graphene (FLG)-CNT hybrids are produced by catalytic chemical vapor deposition (c-CVD) starting from a mixture of catalysts (one for FLG and one for CNTs) in the required proportions. Due to the difference in growth kinetics between CNTs and FLG, the composition of such hybrids is not well controlled. In this study, we report the single-step preparation of FLG-CNT hybrid materials by a fixed-bed c-CVD process using a single catalyst with the formula Al x Co 1−x Fe 2 O 4 (x = 0.025-0.10). Different catalysts (with varying x) were prepared by the citrate-nitrate gel combustion method. Then, c-CVD synthesis was carried out at 650 • C in a horizontal fixed-bed reactor using ethylene as the carbon source. Only FLG was obtained when using CoFe 2 O 4 . However, the introduction of small amounts of Al (x < 0.05) induced the simultaneous production of CNTs, leading to the formation of uniform FLG-CNT hybrids. For catalysts with higher Al content (e.g., AlCoFeO 4 ), CNTs were selectively produced. Thus, we observed the existence of a narrow Al-doping window, where CNTs and FLG can be obtained simultaneously. Our results can pave the way to developing high-yield single catalyst-based CVD synthesis of FLG-CNT hybrid materials.
Introduction
Graphene is an extremely versatile 2D material for nanotechnology applications due to its excellent physical, chemical, and mechanical properties [1] [2] [3] . Hybrids based on graphene take advantage of these properties to create functional 3D materials by anchoring other nanomaterials on graphene [4] [5] [6] . Among the different additives, carbon nanotubes (CNTs) are the most studied [7, 8] . The high aspect ratio of CNTs in combination with their good electrical conductivity and mechanical properties implies that they can function as an effective connector material between the graphene sheets, creating 3D nanostructures with improved functional properties [9] [10] [11] . For example, the use of a seamless graphene-CNT (G-CNT) electrode to reversibly store Li metal where dendrite formation was completely suppressed, has been reported recently [12] . Thus, synergy has already been reported between CNTs and graphene or few-layered graphene (FLG) for application in energy [13] [14] [15] , catalysis [16] and electronics [17] . Due to their chemical similarity, there is a strong interaction between CNTs and graphene. Although such interaction is highly favorable for synergy in applications, it also means that properties of the hybrid depend significantly on the preparation method, including the assembling technique used. For large-scale applications, the development of one-step production methods to achieve large volumes of hybrid material with controlled morphology and structure is highly desirable. Several methods have been used for the fabrication of such hybrids, including physical mixing [18] , chemical layer-by-layer assembly [19] , or growing CNTs on graphene surface [20] [21] [22] . Simultaneous graphene and CNT growth in a single chemical vapor deposition (CVD) step has also been reported, wherein the CNT growth catalyst was deposited on the graphene growth catalyst [23] . However, a precise control of the hybrid composition in large-scale production of these materials is still far from being optimized.
Here, we report a single-step preparation of FLG-CNT hybrid materials by a catalytic chemical vapor deposition (c-CVD) process to prepare gram-scale quantities of these hybrids. This study is a follow-up of our report on the large-scale CVD synthesis of thickness-controlled FLG [24, 25] , where we used cobalt ferrite nanoparticles as catalysts to produce FLG with controlled thickness in high yield. It is also interesting to note that ferrites, when supported on alumina or silica, are highly efficient catalysts for CNTs synthesis by CVD [26] . Thus, it should be possible, by suitably controlling the catalyst composition, to develop a single powder catalyst for the c-CVD growth of FLG-CNT hybrids.
Here, we have compared three different c-CVD approaches for the synthesis of FLG-CNT hybrids: (i) using CoFe 2 O 4 catalyst to form FLG, followed by the growth of CNTs on its surface (method-1); (ii) using a physical mixture of FLG and CNT catalysts, followed by the simultaneous growth of CNTs (multi-walled) and FLG; in this case, we have mixed CoFe 2 O 4 (FLG catalyst) with AlCoFeO 4 , as the latter has been demonstrated to produce CNT in high yield (method-2); and (iii) lastly, we discovered that by doping CoFe 2 O 4 with Al and varying the Al content, FLG-CNT hybrids could be formed from a single catalyst (method-3). We show that doping cobalt ferrite with 0.025 mol of Al leads to the formation of a uniform FLG-CNT hybrid.
Materials and Methods

Catalyst Preparation
Both cobalt ferrite and Al-doped cobalt ferrite (Al x Co 1−x Fe 2 O 4 with x = 0.025-0.10) were prepared using a previously reported citrate-nitrate gel combustion method [25] . Briefly, appropriate amounts of cobalt(II) nitrate hexahydrate (98+%, Acros Organics, France), iron(III) nitrate nonahydrate (≥98%, Sigma-Aldrich, France), and aluminum nitrate nonahydrate (≥98%, Sigma-Aldrich) were first dissolved in water; the pH of the resulting solution was then adjusted to 6.5-7 using ammonium hydroxide (28.0-30.0% NH 3 basis, Sigma-Aldrich). After the gel was formed (furnace at 60 • C overnight), combustion and calcination steps were carried out in a muffle furnace at 200 • C for 2 h and 400 • C for 5 h, respectively. Physical mixtures of catalysts were prepared by ball milling different amounts (25-75%) of CoFe 2 O 4 and AlCoFeO 4 for 30 min in a mortar (Pulveriser "Pulverisette") containing an agate ball (diameter 5 cm).
c-CVD Synthesis
In a typical experiment, 25 mg of catalyst(s) was inserted in a horizontal fixed-bed reactor and reduced in situ under Ar/H 2 (3:1) flow at a temperature of 650 • C for 1 h. Ethylene (30 cm 3 min −1 ) was then introduced for 20 min, after which the reaction products were cooled under Ar. For the two-step synthesis of FLG-CNT hybrid (method-1), CoFe 2 O 4 (FLG catalyst) was first used to form FLG. After the FLG synthesis step, the sample was treated with H 2 for 30 min at a reaction temperature of 650 • C to increase catalyst exposure (the metal particles slowly migrated toward the surface of the FLG sheets), after which ethylene was reintroduced resulting in the formation of CNTs on the FLG surface, producing a FLG-CNT hybrid. The yield of the reactions was calculated using the parameter ξ (in gram of purified carbon per gram of catalyst, g C /g cat ). The carbon deposits containing reduced catalysts were immersed overnight in 35% HCl at 20 • C to dissolve the catalyst. The carbon powder so obtained was washed with water and dried at 120 • C in air. Analogous to our production method for FLG, it is expected that these processes can be upscaled to operate in a fluidized bed vertical CVD reactor [25] .
Characterization
Low-resolution TEM images were acquired on a JEOL 1011 instrument (Centre Raimond Castaing, Toulouse, France). A FEG Schottky JEOL 2100F analytical electron microscope (Centre Raimond Castaing, Toulouse, France) equipped with a field-emission gun, was used for high-resolution transmission electron microscopy (HRTEM) investigations. X-ray diffractograms were recorded on a Bruker D8 powder diffractometer (Centre Inter-universitaire de Recherche et d'Ingénierie des Matériaux-CIRIMAT, Toulouse, France) equipped with a Göbel mirror in the incident beam and a parallel-slits analyzer in the diffracted beam. The mean crystallite size (L c ) was calculated from the (002) peak, using the Scherrer formula with K = 0.9. Raman spectra were obtained on a Raman micro spectrometer HR 800 Jobin Yvon Horiba (Laboratoire de Chimie de Coordination-LCC, Toulouse, France) using the green line of an Ar laser (λ = 532 nm) as the excitation source. The intensity I (integrated area) and width (full width at half maximum (FWHM)) of the bands were measured using a mixed Gaussian-Lorentzian curve-fitting procedure. N 2 adsorption-desorption measurements were carried out at −196 • C using Micrometrics Asap 2010 equipment (Centre d'élaboration de matériaux et d'études structurales-CEMES, Toulouse, France), to determine the Brunauer-Emmett-Teller (BET) specific surface area and obtain information concerning the porosity of the powders. Thermogravimetric analyses (TGA) were conducted under air atmosphere in a Diamond TG/DTA apparatus (LCC, Toulouse, France), with a 10 • C min −1 ramp between 25 and 1000 • C.
Results and Discussion
The crystal structure and crystallite sizes of the catalyst were determined from powder X-ray diffractograms (see Figure S1 in the Supplementary Materials). We tested solid solutions with up to 10 mol % Al content and the samples consisted mostly of the ferrite phase, containing only small amounts of AlFe 2 O 4 (<5%). In addition, the introduction of Al in this range did not affect the CoFe 2 O 4 crystallite size (ca. 80 nm). Our previous work on FLG growth from ferrite catalysts has shown that the thickness of the graphene obtained depends critically on the grain size of the ferrite [25] , and in the case of the hybrid, it is well known that the diameter and number of walls in CNTs are intimately related to the grain size of the catalyst. Figure 1 shows TEM images of FLG-CNT hybrids prepared by three different methods. Figure 1a shows CNTs growing out of the surface of a large FLG flake (method-1). Metal particles of various sizes are seen at the CNT tips. This shows that the metal particles have a weak interaction with the graphene layer, due to which, the diameter control of CNTs is not achieved by this method. Figure 1b shows hybrids obtained by mixing CNT and FLG catalysts (ratio 25/75, method-2). The growth of CNTs was not affected by the presence of the FLG catalyst, and thin CNTs (less than 10 walls) were obtained. However, the faster kinetics of the CNT catalyst led to a reduction in the ethylene available for FLG growth. Thus, only isolated islands of thick FLG (5-8 nm) agglomerates were obtained and thus, a thickness control of the FLG cannot be achieved by this method due to the different kinetics of the two catalysts. Independent tests have shown that the FLG catalyst is highly active at the beginning of the reaction. However, CNT growth rate increases after the first five minutes and dominates thereafter. Thus, the final product comprised mainly CNTs with few thick FLG particles. Figure 1c -e shows FLG-CNT hybrids prepared by the c-CVD reaction of ethylene over Al-doped (2.5 mol %) CoFe 2 O 4 single catalyst (method-3). In this case, ethylene was consumed over the catalyst for the simultaneous production of CNTs and FLG. The exact growth mechanism for this method is still under investigation, but based on the uniform structure of the produced CNTs, we do not expect their growth to follow a similar pathway as that observed in method-1. The outer diameter of the nanotubes was uniform in the range of 8-11 nm, whereas the FLG portion retained most of the characteristics shown by the pure FLG (see Figure S2 in the Supplementary Materials). This sample was further characterized to estimate the relative content of FLG and CNTs. In order to study the effect of Al doping on the hybrid structure, a catalyst containing 10 mol % Al (Al 0.1 Co 0.9 Fe 2 O 4 ) was tested as well. In this case, the structure of the hybrid was significantly different, especially the FLG component, resulting in the formation of mostly spherical structures among the CNTs (see Figure S3 in the Supplementary Materials).
C 2019, 5, 28 4 of 10 their growth to follow a similar pathway as that observed in method-1. The outer diameter of the nanotubes was uniform in the range of 8-11 nm, whereas the FLG portion retained most of the characteristics shown by the pure FLG (see Figure S2 in the Supplementary Materials). This sample was further characterized to estimate the relative content of FLG and CNTs. In order to study the effect of Al doping on the hybrid structure, a catalyst containing 10 mol % Al (Al0.1Co0.9Fe2O4) was tested as well. In this case, the structure of the hybrid was significantly different, especially the FLG component, resulting in the formation of mostly spherical structures among the CNTs (see Figure S3 in the Supplementary Materials). Raman spectra were used to confirm the formation of CNTs and FLG (Figure 2 ). For pure FLG, the spectra are highly uniform over the entire flake. The narrow G band (ca. 1583 cm −1 ) shows the existence of a well-crystallized sp 2 carbon network. The FWHM of the G band is lowest for pure FLG and is the highest for pure CNTs. Hybrids from both single and mixed catalysts have intermediate values (Table 1 ). The D (ca. 1334 cm −1 ) and D' (1600 cm −1 ) bands have a relatively high intensity, which could be the result of defects at the edges of smaller flakes; the small area of flakes giving rise to a large number of edges. An intense G band (ca. 2660 cm −1 ) is one of the indications for the presence of FLG. Figure 2 shows a symmetric G band with up to 1.2 times the intensity of the G band for FLG, (for the other samples, the G' band is either equal to or lower than the G band). Moreover, the width of this band is similar to single-layer graphene, suggesting a turbostratic arrangement of the graphene layers [27] . For all the other samples, the G' band is much broader; all the G band positions are distinctly different from graphite (2721 cm −1 ). All the samples showed high D bands, typical of c-CVD synthesized CNT and FLG [28] in the temperature range of 600-700 • C. For pure CNTs, Raman spectra are similar to those generally observed for multi-walled CVD CNTs [29] . The I D /I G ratio is rather high (1.2) showing a significantly high defect concentration, typical of c-CVD-grown CNTs. For the mixed catalysts, it was not possible to collect a spectrum with both CNT and FLG characteristics, due to the high volume of CNTs with respect to FLG (I D /I G = 1.5). For the hybrid produced from the mixed catalyst, the Raman spectrum resembles that of the CNTs, except that a much broader 2D band was present, presumably due to the presence of FLG. The hybrid material produced using the single catalyst presents an I D /I G ratio of 1.4, similar to that of the hybrid from the mixed catalysts.
values (Table 1) Figure 2 shows a symmetric G′ band with up to 1.2 times the intensity of the G band for FLG, (for the other samples, the G' band is either equal to or lower than the G band). Moreover, the width of this band is similar to single-layer graphene, suggesting a turbostratic arrangement of the graphene layers [27] . For all the other samples, the G' band is much broader; all the G′ band positions are distinctly different from graphite (2721 cm −1 ). All the samples showed high D bands, typical of c-CVD synthesized CNT and FLG [28] in the temperature range of 600-700 °C. For pure CNTs, Raman spectra are similar to those generally observed for multi-walled CVD CNTs [29] . The ID/IG ratio is rather high (1.2) showing a significantly high defect concentration, typical of c-CVD-grown CNTs. For the mixed catalysts, it was not possible to collect a spectrum with both CNT and FLG characteristics, due to the high volume of CNTs with respect to FLG (ID/IG = 1.5). For the hybrid produced from the mixed catalyst, the Raman spectrum resembles that of the CNTs, except that a much broader 2D band was present, presumably due to the presence of FLG. The hybrid material produced using the single catalyst presents an ID/IG ratio of 1.4, similar to that of the hybrid from the mixed catalysts. * Given that the G band includes the contribution of two peaks, the corresponding full width at half maximum (FWHM) was determined by deconvolution.
Since both FLG and CNTs are produced from the same catalyst, it is difficult to determine the relative amounts of the two species in a hybrid sample from the Raman spectra; hence, we have carried out a BET surface area study of hybrid materials as a function of the composition (Figure 3) . We assume that each component in the sample (CNTs and/or FLG) adsorbs N 2 independently of the other, given the significant differences in the pore structure. In such a scenario, the measured BET surface areas of the hybrids of different compositions can be fitted to a calibration curve obtained from the measurements using FLG-CNT mixtures of known composition. Figure 3 shows a plot of the specific surface area (SSA) of the samples formed from a mixture of catalysts versus the percentage of CNT catalyst in the mixture (in situ). We also included the BET surface areas of the pure CNTs (taken as 100% AlCoFeO 4 ), pure FLG (0% AlCoFeO 4 ), and the BET surface area of a physical mixture with equal proportions of FLG and CNT (ex situ). The CNTs obtained using the AlCoFeO 4 catalyst reported in this study have a somewhat lower SSA than those synthesized using catalysts such as Fe/Al 2 O 3 , which can yield CNTs with 250-300 m 2 g −1 [14] . The reason for this lower SSA is currently under investigation, but it could be related to an increased proportion of CNTs with closed caps. Regarding the FLG, this material is several nanometers thick and cannot be exfoliated (as previously reported [25] ), and thus, presents a lower SSA than other graphene samples reported in the literature. The structures of the CNTs, FLG, and hybrids prepared both from single and mixed catalysts, were investigated by X-ray diffraction (Figure 4 ). CNTs showed a relatively broad (002) peak at 25.65° (FWHM = 1.66°), whereas, FLG had a narrow one at 26.25° (FWHM = 0.68°), showing a uniform thickness over the sample. The (002) peak shifts to higher angles from CNT to FLG, showing a reduction in d spacing and an increased crystalline order. In contrast to the Raman spectra, the hybrid prepared from a mixture of CNT and FLG catalysts clearly shows both CNT and FLG phases (FWHM = 1.71°). The hybrid prepared from the single catalyst shows a relatively narrow peak (FWHM = 0.85°), similar to the pure FLG, but with a clear shift in the 2θ value, indicating a structure modification for both the FLG and CNTs. A shoulder toward lower angles indicates the presence of CNTs. The peak due to Fe impurity is also seen in this sample. Additional work is required with intermediate compositions to clarify this aspect. From Figure 3 , it is seen that the BET surface areas are not linearly correlated, indicating faster kinetics for CNT formation resulting in a significant increase in SSA. The BET surface areas of the samples grown using 25-100% AlCoFeO 4 are quite similar, showing the predominance of CNT production. Thus, it is not possible to control the composition of the hybrid using a mixture of catalysts, given the difference in yields between CNTs (74 g CNT /g cat ) and FLG (5.1 g FLG /g cat ) ( Table 2 ). The FLG-CNT hybrid produced from a mixture of catalysts showed a yield of 25 g hybrid /g cat , whereas the single catalyst produced 5.6 g hybrid /g cat ; this relatively slower growth allowed for a better control of the hybrid composition. For the single catalyst with Al content of 2.5 mol %, the BET surface area is 57 m 2 g −1 , which, according to the calibration curve, should correspond to a hybrid with 17% CNTs and 83% FLG. The structures of the CNTs, FLG, and hybrids prepared both from single and mixed catalysts, were investigated by X-ray diffraction (Figure 4 ). CNTs showed a relatively broad (002) The structures of the CNTs, FLG, and hybrids prepared both from single and mixed catalysts, were investigated by X-ray diffraction (Figure 4 ). CNTs showed a relatively broad (002) peak at 25.65° (FWHM = 1.66°), whereas, FLG had a narrow one at 26.25° (FWHM = 0.68°), showing a uniform thickness over the sample. The (002) peak shifts to higher angles from CNT to FLG, showing a reduction in d spacing and an increased crystalline order. In contrast to the Raman spectra, the hybrid prepared from a mixture of CNT and FLG catalysts clearly shows both CNT and FLG phases (FWHM = 1.71°). The hybrid prepared from the single catalyst shows a relatively narrow peak (FWHM = 0.85°), similar to the pure FLG, but with a clear shift in the 2θ value, indicating a structure modification for both the FLG and CNTs. A shoulder toward lower angles indicates the presence of CNTs. The peak due to Fe impurity is also seen in this sample. Additional work is required with intermediate compositions to clarify this aspect. Thermogravimetric analysis results (see Figure S4 in the Supplementary Materials) revealed the relative stability of CNTs, FLG, and the two hybrids to oxidation. Due to the presence of an increased number of defects, such as pentagons at the tube ends, CNTs are oxidized at a lower temperature when compared to FLG. The shape of the first derivative for the hybrid material prepared from mixed catalysts is similar to that of CNTs alone, probably due to the high quantity of CNTs present. Moreover, the samples prepared using different proportions of mixed catalysts (25-75%) revealed only slight differences between the hybrid materials (less than 15 • C). This shows a similarity between these samples, and further confirms the difficulty in controlling the CNT/FLG ratio in a hybrid prepared by mixing catalysts, due to their intrinsically different activities. Additionally, the peak observed for the hybrid prepared from mixed catalysts has a width between that of pure CNTs and FLG. This indicates that the oxidation behavior of the FLG fraction in the hybrid, due to its low amount, does not have a visible impact on the shape of the derivative. By increasing the amount of FLG in the hybrid (i.e., sample prepared from a single catalyst), the oxidation temperature of the sample increased significantly, approaching that of pure FLG, despite presenting a somewhat different shape of the derivative. Hence, two distinct behaviors can be observed: one for materials with high amounts of CNTs, which are oxidized at low temperature, and another for materials with high amounts of FLG, which are oxidized at higher temperatures. Thus, if a good calibration curve is obtained, the FLG/CNT ratio could be determined from TGA as well.
Conclusions
We investigated the formation of FLG-CNT hybrid powders by c-CVD using ethylene gas as the carbon source and nanocrystalline ferrite powders as catalyst with the aim to achieve a large-scale catalytic production of hybrids with controlled composition. We have described three different methods for the one-step production of FLG-CNT hybrids. Among the different approaches, the one that resulted in a hybrid with a better FLG/CNT control involved the use of a single catalyst of Al-doped CoFe 2 O 4 . Using this strategy, new catalysts for the one-step preparation of FLG-CNT hybrids on a large scale can be achieved. Additional experiments are necessary to determine whether it is possible to further control the hybrid properties (FLG thickness, CNT diameter, etc.) and composition by adjusting operating parameters during the c-CVD synthesis. 
